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PRELIMINARY ANATYSIS OF PERFORMANCE OF TURBOJET ENGINES

USED AS PUMPS FOR BOUNDARY-LAYER CONTROL

By E. William Conrad

SUMMARY

The effects on engine performance of using turbojet engines for
boundary-layer control by suction at the engine inlet or by bleeding
alr from the compressor outlet were determined for three current pro-
duction engihes. In addition, the quantities of bleed and suction
flow available are given. Except for the effect of intercampressor
bleed on one engine, obtained experimentally, all results are based
on calculations using experimentally determined component performance

maps.

Campressor-outlet bleed flows of between 32 and .43 percent could
be obtained before the engine net thrust was reduced to zero; however,
the specific fuel consumption increased at an extreme rate for bleed
flows above 20 percent. With suction, the maximum possible flow is, -
of course, the total engine air flow. Both the maximm flow and the - <’
net thrust decreased linearly with the reduction in pressure at the
engine inlet. §Specific fuel consumption rose at an increasing rate

as the engine-inlet pressure was reduced.

A brief examination was mad.el 0 determine whether or not the use
of a varisble-area turbine would be beneficial. No effect on perform-
ance was obtained other than higher pressures were availsble for the

bleed flow.

INTRODUCTION

A strong interest is currently in evidence regerding the use of
boundary-layer control to improve the crulse, landing, and take-off

performaence of aircraft through improved lift-drag ratios.

Theoretical

studies such as that of reference 1 have shown the possibility for very
large increases in eircraft range with complete removel of the boundary
layer on all aircraft surfeces. Boundary layer supercharging with air
bled from the compressor has already been demonstrated to lmprove the
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low-speed performance of an F9F-4 airplane (ref. 2). Both suction and
supercharging of the boundary layer are under consideration in design T WD
studies of future aircraft. The use of currently available convention- R
al turbojet engines as a source of pumping is an obvious possibility,
and it 1s necessary that the suitability of these engines for such pur-
poses be determined before the studies can become "concrete" efforts.
Accordingly, a brief preliminary study was made to determine the sults-
bllity of three modern turbojet engines for which adequate component
performance data were available.

The engines studled are designated by the letters A, B, and C. The
optimum mode of engine operation with bleed was first determined, and
the effect of compressor-outlet bleed on the performance of the first
two engines was calculated. The performance shown for a two-spool en-
gine (C) with intercompressor bleed flows up to 10 percent of engine
flow was based on experimental data. The performance of gll three en-~
gines when used for suctlon was computed for a range of engine-inlet
totel pressures, selected to cover the eéxpected range of-slot and duct
pressure losses. In addition, the merits of using a variable-srea tur- _
bine were determined. =

The analytical procedure for bleed calculstions consisted simply .
of simultaneous solution to satisfy conditions of flow continuity at— -
the turbine and exhaust nozzle and the condition which requires that
the turbine work equal the compressor work. When a fixed-area exhaust Iy
nozzle was used, the simultaneous solution was obtained by a method of .
iteration. For suction, the engine performance was calculated from the .
experimentally determined pumping charscteristics for the respective .
engines. The use of pumping characteristics to caleculate the effect of
inlet duct (suction case) losses on engine performance 1s discussed in _ R
reference 3.

RESULTS AND DISCUSSION

Inasmuch as the analytical procedure (although lengthy) was quite
simple, and is not of primsry interest, it is not given in detail. Only )
that portion of the analysis involving the use of a fixed-area exhsust— _
nozzle (mode-2 operation to be described) was not straightforwsrd. For
the calculations involving the fixed-area exhaust nozzle, the procedure
outlined in the sppendix was used.

In the followlng sections, several modes of engine operation for
bleedoff-are dlscussed first. Using the mode selected as optimum, the
engine performance with bleed is then given for operation at take-off;—
landing, and cruise conditions. The calculations were carried out with .
bleed flows Increasing to a point where zero thrust was reached. Engine
performance st thrust levels near zero is of interest, because it is
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anticipated that on a multiengine airplane some of the engines would be
used for boundary-lasyer-control purposes while others would be used only
for thrust.

Next, the characteristics of the engines when -used to provide.
boundary-layer suction are presented for operation at take-off, landing,
and cruise operation. Finally, the possible advantages of using a
variable-area turbine in conjunction with bleed are discussed.

Bleed

Mode of engine operation. - The path of the compressor operating
point for two possible modes of engine operation during take-off is
superimposed on the conventional compressor map of engine A in fig-
ure 1. These modes are descrilibed as follows:

(1) Mode 1 (varisble-ares exhaust nozzle) - The path of the com-
bressor operating point starts at the military operating condition
(point A) where bleedoff fram the compressor discharge is begun and the
exhaust-nozzle area is simultaneously opened to meintain limitirg
turbine-inlet temperature and rated engine speed. At point B, limiting
loading of the turbine was reached at a bleed flow B of 23 percent.
Throughout this report, the bleed flow is defined as the ratio of bleed
flow to engine-inlet air flow at rated engine speed.

From point A to B, it was possible to increase the turbine work
per pound of gas by opening the exhaust nozzle to reduce the back pres-
sure on the turbine. Hence, engine speed could be maintained as the
turbine gas flow decreased with increasing bleedoff at the compressor
outlet. At point B, however, the flow at the turbine rotor outlet
reached sonic velocity (a. condition called l1imiting loading); conse-
quently, no increase in turbine work was possible by further reduction
in back pressure.

By reducing engine speed and hence campressor pressure ratio, it
was possible to increase the bleed flow to 33 percent at point C where
the net thrust was reduced to zero. From B to C, limiting loading of
the turbine and limiting turbine-inlet temperature were maintained by
further opening of the exhaust nozzle.

(2) Mode 2 (rated exhaust-nozzle area) - The path of the compressor
operating point again started at the military condition (point A) where
the engine speed was reduced and the bleed flow simultaneously increased
to hold limiting turbine-inlet temperasture. Because the method of iter-
ation used was laborious, this calculation was terminated at point D
where the thrust was 50 percent and the bieed flow was 19.3 percent.
This range, however, was adequate for comparison of the two modes.
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Performance for the two modes of operation are compared in figure
2 where the net thrust per unit engine weight and the specific fuel con-
sumption with bleed divided by the specific fuel consumption with no
bleed are shown as functions of_ the bleed flow. It 1s seen that there
is very little difference 1n performance for the two modes.

For operation at a thrust level intermediate between take-off and
landing thrust; two addltional modes of operation are considered. These
.modes are defined as follows:

(3) Mode 3 - Both engine speed and exhaust-nozzle area were held
constant, and the turbine-outlet temperature was allowed to increase
with increasing bleed.

(4) Mode 4 - Operation at constant thrust lower than military is
possible over a limited range of bleed flows by holding rated exhaust=—
nozzle ares and increasing engine speed as bleed flow lncreases. The
turbine-inlet temperature will increase with bleed for this mode.

The four modes of operation are compared in figure 3. These data
were obtained by use of the matching charts of reference 4 for ancther
engine. Net thrust is shown 1ln ratio form, with the net thrust with
bleed at a flight Mach number of 0.62 being divided by the military
thrust at static conditions. This particular ratioc was used only as a
matter of convenience in applying the charts of reference 4 and in no
way detracts from the validity of the comparison of the operating modes.

For this engine, also, there is no eppreciable difference in thrust
for modes 1 and 2. For mode-3 operation, the thrust was somewhat-higher
for a given bleed flow; however, the turbine-inlet—temperature also in-
creased with bleed as shown in the lower portion of figure 3. Because
cruise operstion for long periods of time is undesirable at turbine tem-

peratures higher than normally used for cruise, mode-3 operation was not

considered further. For mode-4 operation (constant thrust), the turbine-
inlet temperature increased even more rapidly, and accordingly mode 4
was given no further consideration.

For both engine A and the engine of reference 4, it is seen from
figures 2 and 3 that there is no clear choice between modes 1 and 2 on
the basis of performance. This is corroborated by experimental dats
for another engine in reference 5. Mode-l operation, however, has the
advantage that the engine speed is higher for any given thrust level,
and hence military power may be more quickly restored than for mode 2.
Accordingly, mode-l operation is used for all subsequent bleed results
on englines A and B. The experimental date to be presented for engine C
were obtained only for mode-2 (fixed-nozzle) operstion.

ey
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Take-off performance with bleed. - In order to include the eritical
point during take-off at which obstacles must be cleared, the take-off
condition was chosen as a Mach number of 0.15 (99 knots) at NACA stand-
ard sea-level conditions. The bleed pressure available, net thrust, and
specific fuel consumption are shown in retio form as functions of per-
cent bleed in figure 4. Limiting loading of the turbine existed for all
bleed flows to the right of the cross marks superimposed on the curves.
Because of 1ts higher compressor pressure ratio, engine A gave higher
bleed pressures than did engine B. The intercompressor bleed from en-
gine C was, of course, at much lower pressure.

Net thrust per unit weight fell off linesrly with bleed for engines
A and B until limiting loading occurred. The slope for engine A was
about 2.2 percent thrust loss for 1 percent bleed. For engine B it was
about 1.9 percent thrust loss per percent of bleed. Beyond the point of
limiting loeding, the thrust decreased more rapidly, with engine A
reaching zero thrust at about 33 percent bleed and engine B reaching
zero thrust at about 43 percent bleed. Thrust of engine ¢, with mode-2
operation, fell off at a rate of 2.8 percent per percent bleed.

The specific fuel consumption for all three engines increased at
about the same rate up to 10 percent bleed. The curves for engines A
and B diverged beyond that point. This separation is attributed to
slight differences in component efficiency which became amplified as
the net thrust approached zero. For both engines, the specific fuel
consumption began to increasse at a much more rapid rate samewhat before
limiting loading was reached, or at bleed flows roughly on the order of
20 percent. It should be noted, however, that although the specific
fuel consumption increased with bleed, the actual fuel consumption
decreased.

Landing performance with bleed. - Data for the landing condition
are presented in figure 5. Specific fuel consumption was dismissed as
being unlmportant at landing and is therefore not presented. In ac-
cordance with the Nevy practice of maintaining 40 percent thrust until
the throttle "chop," the base condition with no bleed was teken as 40
percent of military thrust. With engines A and B, the exhaust nozzle
wes 1n an open position to permit the highest possible engine speed
for the base point (no bleed}. Limiting turbine loading existed for
this base condition. With englne speed held constant at the initial
value, the nozzle was opened further as needed for all subsequent bleed
points to hold limiting loading as bleed flow increased. In order to
obtain 40 percent thrust with a fixed-ares exhaust nozzle, the engine
speed must be lower than for a verisble-area nozzle; hence, the percent
engine speed was slightly lower for engine C than for the other engines.
Zero thrust occurred at 32 percent bleed for engine A and at 34 percent
bleed for engine B.
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Cruise performance with bleed. - The crulse condition was selected
as a flight Mach number of 0.9 at an altitude of 40,000 feet. The base
no—bleed) condition was selected as 90 percent of military thrust. For
engines A and B, the engine mechanical speed was picked at 95 percent
with the required temperature level being obtalned with the varisble-
ares exhaust nozzle. For all succeeding bleed conditions, the turbine-
inlet temperature was then held at this value by either an area adjust-
ment at constant speed (to limiting loading) or a speed reduction (be-
yond the initisl limiting-loading point). For engine C, the base me-
chanical speed (no bleed) was selected at 97 percent and was then re-
duced as bleed increased to hold the turbine-inlet temperature at the
base value.

The date for.the crulse performance presented in figure 6 show

trends very similsr to those obtalned at take-off (fig. 4). Zero thrust—

occurred at & bleed flow of 33 percent for engine A and 42 percent for
engine B. One difference from take-off was apperent, however, in that
engine C, which had the lowest thrust per unit weight at take-off, had
the highest thrust per unit weight at the cruise condition. This shift
in relative position is characteristic of engine C and is due in part
to an increase in the actual speed of the outer spool Par a fixed inner-
spool speed, which 1s held constant by the engine control. In addition,
the maximum permissible turbine-inlet temperature of engine C is allowed
to increase with altitude. For crulse, just as for take-off, the spe~-
cific fuel consumptlon began to incresse at an extreme rate at bleed
flows on the order of 20 percent. :

Thus, from the data of figures 4 to 6, it is seen that bleed flows
as high as 32 to 43 percent were posaible for the varlous engines and
flight conditions; however, the speclfic fuel consumption rose at an ex-
treme rate for bleed flows greater than about 20 percent.

Suctlon

In order to provide boundary-layer suction, 1t is necessary that

the pressure at the exit of the suction duct be maintained at a suffi-
clently low level that the desired quantity of suction flow is induced.
If the suction alr discharges into the main air inlet duet at the en-
gine inlet, it is necessary that a throttle valve be used near the main
duet inlet to reduce the pressure of all the engine air to a value need-
ed to induce the desired suctlion flow. If.1t is assumed that flow dis-.
tortions are not produced by the throttle velve or suctlon-duct discharge
jets, the engine will "be aware" only of the pressure at the face of the
engine. Thus for a given pressure at the face of the engine, the engfhe

performance will be the same irrespective of the relative amounte of air

3771
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arriving via the suction duct and through the throttle valve. The max-
imum suction flow available for boundary-layer removal is, of course,
the total engine air flow and is a direct function of the pressure st
the engine inlet.

It is conceiveble that local pockets of low pressure could be cre-
ated at the discharge of the suction duct by the use of devices (similsr
to cowl flaps) which cause local acceleration of the main air-flow col-
umn entering the engine. Although such devices would probsbly produce
higher average values of pressure recovery at the engine for suction
flows below the meximum, it is slmost certain that severe distortions
of the flow would result. The effects of these distortions may well
outweigh the gain in performence due to higher pressure recovery (see
refs. 6 and 7). For some engines, the proper design of such a device
could probably be used to advantage at part-engine-speed conditions.
For example, the suction ducts could be made to discharge in the wake
of the flow modulators used with some engines at part speed to improve
the radial loading on the early coampressor stages. The evaluation of
such schemes is, however, beyond the scope of this report. The only
case considered hereln 1s that wherein the pressure of all the air is
reduced uniformly as required.

Take-off with suction. - The effects of suction flow on engine per-
formance at take-off are glven in figure 7. TInasmuch as the exhaust noz-
zle was choked for all conditions covered at the take-off condition,
the turbine-inlet temperature was not altered as the engine-inlet pres-
sure decreased. Net thrust, maximum suction flow, and specific fuel
consumption are given in ratio form as functions of the ratio of engine-
inlet total pressure to free-stream total pressure. Because the pres-
sure losses 1n the suction duct will vary among installstions, the range
of pressures assumed at the engine inlet was selected to cover a wide
range of duct pressure losses. For all three engines, it is seen that
the net thrust and meximum suction flow decrease linearly with engine-
inlet pressure (or inversely with duct loss). The specific fuel con-
sumption based on net thrust, however, does not increase linearly but
rises at an increasing rate as the engine-inlet pressure is reduced.

The trend is explained by the fact that the net thrust is reduced by
both a decrease in exhaust-nozzle pressure ratio and a reduction in air
flow, whereas the fuel flow decreases in proportion to the air flow only.

Landing performance with suction. - The relative performance of the
three engines at the landing condition of 99 knots (40 percent of mili-
tary thrust for zero pressure drop)} is shown in figure 8. Agsin the net
thrust and maximm suction flow decreased linearly with engine-inlet to-
tal pressure. The maximum suction flow with engine C is less than for
the other engines because of the more rapid decrease in air flow for that
engine as the speed was reduced to the 40-percent-thrust base condition.

- PSS
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Cruise performance with suction. - The results on cruise perform-
ence with suction are shown 1n figure 9. The cruise conditions were the
same a8 those defined earlier in conjunction with figure 6. Again the
net thrust and maximum suction flow decrease linearly with engine-~inlet
total pressure. Just as at the take-off condition, the specific fuel
consumption increases more rapidly at the lower values of engine-inlet
total pressure. The specific fuel consumption was somewhat higher for
engine A at low values of engine-inlet total pressure because small dif-
ferences in component efficiency have a more pronounced effect as the-
engine net thrust goes toward zero.

Varlable-Area Turbine

Inesmuch as a vaeriasble-ares turbine affords an independent method
of controlling turbine-inlet temperature, 1ts use in conjunction with
compressor bleed is of interest. The effect of using a variable-area
turbine in conjunction with bleed was calculated for engine B at take-

off, assuming the followlng effect of turbine area on turbine efficlency:

bine-ares decresase,{Turbine efficiency loss,
percent percent
10 0.5
20 2.5
30 6.0

From figure 10 it is seen that the verlable-area turbine affords no
appreciable edvantage in performence other than an Increase in the bleed
pressure availeble at any given value of bleed flow.

CONCLUDING REMARKS

From this brief preliminary anslysis for three current production
engines, it was found that compressor bleed flows as high as 32 and 43
percent could be obtained before the engine net thrust was reduced to
zero. The specific fuel consumption increased at an excessive rate for
bleed flows greater than sbout 20 percent; however, the actual fuel flow
was reduced. With the engine used for suction, the maximum possible
flow is, of course, the engine ailr flow. Both the maximum suction flow
and the net thrust decreased linearly with the reductlion in engine-inlet
total pressure (increased suction-duct losses). Specific fuel consump-
tion based on net thrust rose at an increasing rate as the engine-inlet
pressure was reduced.

)
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The possible advantage of using a variable-aresa turbine was exam-
ined in conJjunction with compressor bleed. It was found that this de-
vice offered no advantage other than the availebility of higher bleed
pressures at a gliven percentage of bleed flow.

Lewls Flight Propulsion Laboratory
National Advisory Committee for Aeronauties
Cleveland, Ohic, May 23, 1955



10 (T NACA RM E55E20a

APPENDTX - CALCULATION PROCEDURE

The method of‘'iteration used in determining the engine performance

wilth bleed for operation with a fixed-area exhaust nozzle is not given in

detail; however, the procedure is outlined in the following paeragrephs.

In the consideration of the take-off condition, it was desired to
determine the engine performence as the speed was reduced and the
compressor~outlet bleed flow increased at such a rate that the limiting
turbine-inlet temperature would be maintained. At some arbitrary engine

speed below military, a bleed flow was assumed to exist. With the knowl-

edge (obtained after the first trial) that the compressor pressure ratio
would decreese, the alr flow through the compressor and hence through
the turbine (subtracting the assumed bleed flow)} was determined. By us-
ing the continulty equeation for choked flow through the turbine dia~-
phragm, and an effective turbine flow area determined from experimental
data, the total pressure at the turbine 1nlet was found for operation
at the limiting temperature value. With this value and an assumed com-
bustor pressure loss of 5 percent, the compressor pressure ratlio was
obtained. From this and the compressor efficiency obtained from the
compressor performance map, the compressor work was calculated. Equat-
ing the compressor work to the turbine work allowed a solution for the
turbine~outlet temperature, and, by knowing the wass flow, the turbine-
outlet pressure was obtalned from the exhaust-nozzle flow equations
(either choked or unchoked as required). By using a value of turbine
efficlency from the turbiné performance map, the turbine-inlet pressure
was again computed. This value was then compared with the trial value
obtained earlier in the caelculation, and new values of bleed flow were"
assumed for repeated calculations until the two values of turbine-inlet
pressure agreed. When agreement was obtained, the requirements of flow
continuity and work balance between the compressor and turbine were
satisfled.

Although this method of iteration was lsborious, it was only nec-
essary for a few operating points. Had this mode of engine operation
(with 8 fixed-area nozzle) been optimum, the work required to construct
matching charts, such as those given in reference 4, would have been
warranted for the much larger number of opersting conditions requiring
solution.
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